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SUMMARY

Thrust augmentation of an axisl-flow-type turbolet engine by
a combination of tail-pipe burning and water injJjectlon has been
investigated 1n the Cleveland altltude wind tunnel. Water was
injected into the englne inlet and the engine combustlon chambers.
Performance was investigeited over a range of simulated flight con-
ditions and water Injection rates while the englne was operated at
rated speed and the tall-pipe fuel flow was regulated to malntaln
a constant turbine-outlet temperature. A constant lnlet-sir tem-
perature of 520° R was maintained during water inJjectlon into the
engine Inlet 1n order to avold lcing., A fixed-area tall-pipe noz-
zle was used.

Thrust increases obtainable with englne-inlet water injection
reached a peak at a water-ailr ratio of 0.035 and decreased with
larger amounts of injection, whereas thrust increases obtalnable
with combustion-chamber weter lnJjection lncreased as the water-alr
ratlio was raised throughout the range of water-alr ratios inves-
tigated. TFor the range investlgated, greater meximm thrust
increases were avallable with combustlion-chamber water inJection
than with engine-lnlet water injection. Thrust lncreases obtalined
from elther method of water inJjectlon were accompanied by large
increases in specific liguid consumptlon.

INTRODUCTION

Avgmentation of the normal thrust of turbojet engines ls of
importance in improving the flight characteristlics of Jlet-propelled
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alrcraft and in increasing the effectiveneass of the turbojet engine
for civillan and military applications. A general program of thruat
augmentation for turbojet engines is therefore belng conducted at
the NACA Cleveland laboratory. Thrust augmentation of an axial-flow-
type turbolet engine by burning fuel in the tall pipe is discussed
in references 1 to 3. Thrust augmentation of the same turbojet
englne by weter inJjeotion at the compressor inlet is reported in
reference 4.

The performance results of an investigatlion made in the Cleve-
land altitude wind tunnel with water Injectlon in combination with
tall-pipe burning in the followlng two phases are presented herein:
(1) englne-inlet water injection with tail-pipe burning; and
(2) combustion-chamber water inJjection with tail-pipe burning.

The standard tail pipe of the turbojet engine was replaced wlth
& larger tall pipe desligned to provide favorable conditions for
tall-pipe burning. A fixed-area tail-plpe nozzle was used on the
engine., The investigation was mede over a range of flight Mach
numbers at a pressure altitude of 20,000 feet and at rated engine
speed. This engine speed was meintained whille the water injection
rate was varied over the full range obtainable with the pumping
equipment. A conatant turblne-cutlet temperature was malntalned
by varylng the amount of fuel burned In the tail pipe.

INSTALLATION

Engine and tall-pipe burner. ~ The lnvestigation of thrust
augmentation by the use of water Injection in combinatlion with
tall-pipe burning was performed with an axial-flow-type 4000-pound-
thrust turboJjet engine having an ll-gtage compressor, elght cylin-
drical combustion chambers, and & single-stage turbine, The
standard teil pipe of the engine was replaced by a modified teall
plpe, which was lengthened to include a diffuser, a combustion
chamber 5 feet long and 34 inches in dlameter, a reducer section,
and a tail-pipe nozzle (fig. 1). Further detalls of the construc-
tion and performance of this tall-pipe burner are presented in

reference 1, A fixed-area tall-plpe nozzle 19'2 inches in diameter

was installed on the engine for the phase of the lnvestigation in
which tell-pipe burning was wsed. A fixed-aree tall-pipe nozzle

162 inches in dlameter was installed on the engine for the phase
of the investigetion in which no tall-pipe burning was used.
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Water-injectlon equipment. - Water was inJected into the engine
inlet through 24 spray nozzles circumferentially installed around
the inlet-air duct and flush with the duct wall. The nozzles were
located at a statlon 6 inches upstreem of the engine inlet, A
detailed description of thls inJection system and & description of
the water injJection nozzles are given 1n reference 4.

Water was injected into the combustion chambers through two
nozzles in each chamber, one at the inlet and one at a station
6 inches upstream of the outlet (fig. 1). The spray nozzles at the
inlet directed a conlcel spray upstream and were fixed to the fuel-
spray nozzle supports., The nozzles neer the outlet directed a
conical spray normal to the gas flow into the secondary combustion
zone.

Wind-tunnel installation. - The turbojet engine was supported
by a wing section installed 1n the 20-foot-diameter test section of
the altitude wind tunnel (fig. 2). Air was supplled to the englne
through a duct from the tummel make-up alr system (reference 1).

A labyrinth slip Jolnt in the inlet-air duct 40 feet upstream of the
engine inlet made posslible the measurement of thrust with the wind-
tunnel balance scale. The air was throttled from epproximately
gea~-level pressure to the desired total pressure at the engine inlet
while the pressure in the wind-tunnel test secitlon was maintained
at a value corresponding to the desired altliude.

A survey rake was mounted in the alr duct ebout ll]z feet

upstream of the englne inlet to measure the engine air flow. Pres-
sures and temperatures of the gases were measured at several sta-
tions in the engine (fig. 1) a&nd thrust was determined from the
wind-tunnel balance scales. The thrust and alr £low were calculated
by the methods presented in the appendix.

Kerosene (AN-F-32) was burned in the engine and 62-octane
unleaded gasolline was burned in the tail-pipe combustion chamber.

PROCEDURE

The investigation was conducted at a pressure altlitude of
20,000 feet and at flight Mach numbers from 0.26 to 0.87. A% each
simulated flight condition, the turbojet englne was operated at
rated speed (7600 rpm). Deta were obtalned at various water flows
while the turbine-outlet temperature was malntained at 1680° R by
varying the amount of fuel burned in the tall plpe. An inlet-air
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temperature of about 520° R was maintained to prevent icing when
water was injected into the engine inlet. Inlet-alr temperatures
corresponding to NACA standerd eltitude temperatures were maintalned
when water was InJjected Into the combustlion chambers. Egual amounts
of water were Injected at the combustion-~chamber inlet and the sec-
ondary combustlon zone. The total water-flow rate for elther ithe
campressor-inlet injJection system or the combustlon-chamber injec-
tion system was limited by the pumplng equipment to a maximum of
2.65 pounds per second.

6L8 '

RESULTS AND DISCUSSION

Engine-inlet water injectlion, - The effects of water injection
on engine performance with tall-plpe burning are presented in fig-
ures 3 and 4. No data points are shown on the curves inasmuch as
the actual data were obtalned at slightly varylng turblne-outlet
temperatures, which necessitated the use of cross plots to obiain
the performance curves at & constant turbine-outlet temperature of
1680° R. A deacription of the method of cross-plotting is glven
in the appendix. With englne-inlet water inJjectlon in combination
with tail-pipe burning on a turbojet engine, raising the water-asir
ratio caused an increase and e subsequent decrease in Jet thrust
(fig. 3(a)), net thrust (fig. 3(b)), tail-pipe fuel consumption
(fig. 3(c)), total fuel comsumption (fig. 3(d)), total fuel-air
ratio (fig. 3(e)), and tail-pipe pressure ratio (fig. 3(f)). Thrust
avgmentation obteinable for the comblmation of englne-inlet water .
inJjection and tall-pl burning was highest at a water-alr ratio of
about 0,035 (fig. 3(b)). Total liquid consumption and specific
liguid consumption based on net thrust increased as the engine-
inlet water inJjectlon rate was increased throughout the range of
water-air ratios investlgated (figs. 3(g) and 3(h), respectively).

Alr flow of the turbolet engine with teil-plpe burning was
unaffected by englne-inlet water injection (fig. 3(i)).

Greater net thrusts (fig. 3(b)) and specific liguid consumptions
based on net thrust (fig. 3(h)) were obtained with water injection
at the engine inlet and tail-pipe burning then with tall-pipe burn~
ing alone. Thrust increases were larger at low flight Mach numbers
than at high flight Mach numbers. Data obtained for two flight Mach

numbers at a turbine-cutlet temperature of 1680° R with & lSZ-inch-
dlameter tail-pipe nozzle are shown in the followlng table:
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Flight| Tail-pipe burning | Engine-inlet water injection and taill-
Ma.ch plpe burning; water-alr ratio, 0.035
numbex | Net Specific Net Increase }|Specific Increase in
thrust |liquid con~ | thrust|in net liguid con- |specific
(1v) |sumption (1b) |thrust sumption liquid con-
based on (percent) |based on sumption
net thrust net thrust (percent)
(1b/(br) (1v/(hr)
(1b thrust)) (1b thrust))
0.26 | 1880 2.45 2350 25 4,27 74
.87 | 3820 2.16 3980 10 4.00 85

The thrust Increases and speclific ligquld consumptions obtained
with englne-inlet water injJection wlith and without tall-pipe burning
are shown in the following table. Water-injection data are presented
at a water-alr ratio of 0.0535 because performance data with water
injectlon alone were aveilable only at this value. The values were
obtained with the englne operating at maximum rated conditions at s
pressure alitlitude of 20,000 feet and & flight Mach number of about
0.268 with an inlet-air temperature of approximately 520° R.

Tail- [Net Increase |Specific Increase in
pipe~ |thrust|in net liguid con- |specific
nozzle| (1b) |thrust sumption liquid con-
Avgmentation diam- (pexrcent) [based on sumption
eter net thrust (percent)
(in.) (1b/(nr)
(1 thrust))
None 1540 1.39
Englne-inlet water| ;g3 1730 12 5.30 280
injection; water- 8
air ratio, 0.0535
Tall-pipe burning 1880 22 2.45 75
Engine-inlet water 3 2315 50 5.29 278
injection with 19z
tail-pipe burn-
ing; water-alr
ratlo, 0.0535

The values obteined without tall-plpe burning are taken from refer-
ence 4,
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The increase in net thrust caused by inlet water injection and
tail-pilpe burning at a water-alr ratio of 0.0535 over the thrust
obtained with tail-pipe burning alone is 23 percent. The correspond-
ing increase in specific liquid consumption is 116 percent.

Engine~inlet water injectlon is impractical under conditions at
which the inlet air must be heated to prevent freezing of the
injected water because the abnormal inlet-alr temperature that
resulte from such heating decreases the thrust of the ewngline. The
addition of daome freeziung-point depressant to the water would elim-
inate the necessity of heating the inlet alr. The decrease in thrust
caused by raleing the temperature of the inlet air tende to nullify
the increase in thrust obtainable from water injection; however,
worth-while gains in thrust could be reallized at sea level on warm
daye or by inJection of a nonfreezing mixture of water and alcohol.

Values taken from the curves of figure 3 are not dlirectly com-
parable to values from figuwre 4 or from references 1 to 3, except
for simulated flight conditions that lnvelve an engine inlet-alr
temperature of 520° R, inssmuch as & constent inlet-air temperature
of 520° R was malntained with water injection into the engine inlet.
WACA standard inlet temperatures were malntained with water injec-
tion into the combustlion chambers and for the data presented in
references 1 to 3,

Anslysls for engine-inlet water InJectlion. - Engine-inlet
water injection lowsred the temperature of the alr flowing through
the compressor because of the evaporation of water and thereby
increased the compressor Mach number. Evaporation of water in the
flow passages of the compressor changed the flow conditions over
vhe blading and thus probably affected the compressor efficlency
(reference 4). An increase in gas flow through the critical flow
area of the engine (turbine nozzles) as a result of inlet water
injection was accompanlied by an increase 1n compressor pressure
ratlo., Injection of small amounts of water at the engine inlet
increased the compressor pressure ratio but did-not greatly affect
the efficlency therefore producing an increase in turbine-outlet
total pressure. Injection of larger amounts of water at the englne
inlet contlnued to increase the compressor pressure ratio, butb
apparently had an adverse efiect on the compressor efficiency. The
result was that at high water injection ratea the turbine-outlet
total pressure decreased.

Combustion-chamber water inJjection. - With combustion-chamber
water injectlon in combination with tail-plpe burning, ralsing the

6.8
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water-air ratio caused an increase in Jet thrust (fig. 4(a)), net
thrust (fig. 4(b)), tail-pipe fuel consumption (fig. 4(ec)), total
fuel consumption (fig. 4{(d)), total fuel-air ratio (fig. 4(e)),
tall-pipe pressure ratlo (fig. 4(f)), total liguid consumption
(fig. 4(g)), and specific liquid and fuel consumptions based on net
thrust (fig. 4(h)) throughout the range of water injection rates
iunvestigated. Alr flow of the turbojet englne with tail-pipe burn-
ing was unaffected by combustion-chamber water injJection (Pig. 4(1)).
Increages in thrust and specific liquid consumption resulting from
combustion~chamber water injectlon at two flight Mach numwbers and &

turbine-outlet temperature of 1680° R are shown in the following

table:

L= O =4

Flight| Taill-plpe burning |Combustlion-chamber water Injection and
Mach tail-pips bwurning; water-alr ratio, O.
number | Net Speclific Net Increase |[Specific Increase in
thrust|liquid con-~ |thrust|in net liquld con- |spesclific
{1n) ety A {1h) +havrards it A 13t A ~ATM=
based on (percent) |based on sumptlon
net thrust net thrust (percent)
(1b/(hr) (1b/(nr)
(1b thrust)) (1b thrust))
0.68 | 2780 2,12 3251 17 4.82 127
.81 | 3060 2,11 3540 16 4.76 125

8Highest investigated at flight Mach mumber of 0.81.

A comparison of the percentage changes in the various perform-
ance parameters caused by englne-inlet water injection and
combustion-chamber water injection indlcates the relatlive mexits of
the two injection stations, although the difference in engine-inlet
alr temperatures during the two phases of the investligation places
certain limlitations on such a comparison. At a wabter-sir ratio of
0.035, the rate of injectlon at which maximm thrust increases were
available from engine-inlet water inJection in cambination with
tall-pipe burning, greater thrust augmentation was avallable from
engine-inlet water inJjectlon than from combustlon-chamber water
injection. Increases in thrust and specific ligquid consumption
avallable from the two methods of augmentatlion at a pressure alti-
tude of 20,000 feet, a flight Mach number of 0.68, and a turbine-
outlet temperature of 1680° R are presented in the following table:
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Inlet~| Water-|Net Increase | Specific Increase in
air alr thrust|in net ligquid con- |specific
tem~ |ratio | (Ib) |thrust sumption liquid con-
pera- : due to based on sumptlon
Augmentation |y water net thrust |due %o
(°R) injection| (1b/(br) water
(percent)| (1b thrust))iinjection
(percent)
Englne-inlet 0 2580 2.32
water injec-
tion with 520 16 88
tall-pipe 0.035 | 3000 4,35
burning
Combugtion- 0 2780 2.12
chamber
water injec-
sion with | 0.035 | 3130 e 4.11 ”
tall-pipe ¢ ¢
burning

With the engine operating wilth tall-plipe burning, a greater maximum
increase in net thrust was obtained with combustion-chamber water
injection than withk engine-inlet water., The maximum increases in
net thrust obtalned at a pressure altitude of 20,000 feet and a
flight Mach number of about 0.68 was 17 percent from combustion-
chamber injection at a water-alr ratio of 0.053 (fig. 4(b)) and

16 percent from engine~inlet lnJection at a water-air ratio of 0.035
(fig. 3(b)). The corresponding increases in specific ligquid con~
sumption were 134 percent (fig. 4(h)) and 88 percent (fig. 3(h)),
respectively. The maximum water-air ratio investigated for combustion-
charber water lnjection was about 0.053 and the trend of the curves
indicate that still higher thrust lncreases could be cobtained with
greater injection rates (fig. 4(b)).

Analysls for combustion-chamber water injection, - The tail-plipe
pressure retlo incressed with water inJjection lnto the combustion
chambers as the water-air ratio was lncreased throughoul the range
inveatigated (fig. 4(f)). An increase in gas flow through the
critical flow area of the engine (turbine nozzles) as a result of
the injectlon of ymter into the combustlon chambers was accompanied
by an increase in compressor-cutlet pressure and a change in com-
pressor alr flow. The following chart shows typlcal axlal-flow-
compressor characteristics, with turbojet engine operating lines
superimposed, for operatlion with and wilthout combustion-chamber
weber injection:

L
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Compresgor alr flow

At each flight condition, the compressor operated at a f£ixed Mach
number; therefore, because the compressor operating line for the
engine interseocts the compressor Mach mmber curve in a region where
the constant compressor Mach number curve is asteep, the variation
in air flow was very small., The lncreased pressure ratlo across

the compressor with practically constant air flow required a larger
emount of power from -the turbine. Because water injection increased
the mass gas flow through the turbine and raised the specific energy
content of the gases flowlng through the turblne, the turbine could
supply the increased power to drlve the compressor with little
increase in turbine pressure ratlo. The turbilne-ocuilet pressure
therefore increased aa the water-lnjection rate was incressed.

Water inlection glves limited galns in thrust, as can be seen
from the data presented herein. These galns in thrust are accom-
panied by large lncreases in specific ligquid consumption. The use
of water injection to augment the thrust of a turbojet engline 1s
therefore only practical for short perlods of time.
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SUMMARY OF RESULTS

From an investigation conducted in the Cleveland altitude wind
tannel of thrust avgmentation of an axial-~-flow-type turbojet engine
operating at maximum engine speed and a constant turbine-ocutlet tem-
perature of 1680° R with a combination of tail-pipe burning and
water inJectlon, the followlng results were obtained.:

1. Maximum thrust augmentation was obtained with engine-inlet
water lnjection at a water-alr ratio of about 0,035, With larger
emounts of inJection, augmentatlon decreased; whereas thrust
augnentation obtalnable with combustion-chamber water injection
increased as the water-alir ratio was raised throughout the range of
water-air ratios investigated.

2. Injection of water into the engine inlet of the turbojet
engine with a lgg-inch-diameter tall-plpe nozzle operating at rated

conditlions wilth tail-pipe burning at a water-air ratio of 0.0535
produced a net thrust 23 percent greater and a speclfic liquld con-
sumpbtlon 116 percent greater than the corresponding values for the
engine with tall-pipe burning and no water injJection. Thisg total
auvgmented thrust was 50 percent greater than the net thrust of the

turbojet engline with & 16§-inch-diameter nozzle ard no augmentation

and the specific liquid consumption was 278 percent greater. Injec-
tion of water into the inlet of the turbolet englne having a

lG%-inch-diameter tall-pipe nozzle and operating at rated condltlons

without tall-pipe burning at a water-air ratlio of 0.0535 produced a
net thrust 12 percent greater than the net thrust of the engine
wlthout water inJection. Thle sugmentatlon was accompanled by a
280 percent increase in specific liguld consumption.

3. At a pressure altitude of 20,000 feet and a fllight Mach
number of about 0.68, the maximum thrust increases for engline-inlet
water injection and combustlion-chamber water inJjection on a turbojet
engine operating at rated conditions with tail-pipe burning above
the thrust obtainable wilth tail-pipe burning alone were 16 and
17 percent, respectively. Trends of the data pregented indlcate
that greater thrust increases could be obtained from combustion-
chamber water inJectlon at higher water-injection rates, whereas
the value presented ls the meximm obtainable at these inlet con-
ditlions for engine-inlet water injection.
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4, Water Injection gave limited geine in thrust with a large
increase in specific liguid consumption; 1ts use 1s therefore only
practical for short periods of timse,

Flight Propulsion Research Laboratory,
National Advisory Committes for Aeronautlcs,
Cleveland, Ohilo.
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APPENDIX A

SYMBOLS

The fellowlng symbols are used in the analysis:

crose-gsectlional area, sq £t
thrust scale reading, 1b

external drag coefficient of installation (determined from
power-of f—investigations)

gpecific heat of gas at constant pressure, Btu/(1b)(°R)
Jet thrust, 1b
net thrust, lb

fuel-alyr ratic based on totel fuel flow to engine and tail
pipe

accelerstion of gravity, 32.2 ft/sec?
mechaenical equivalent of heat, 778 £t-1b/Btu
Mach number

total pressure, lb/sq £t absolute
tail-plre pressure ratio

static pressure, 1lb/sq ft absolute
dynamic pressure, lb/sq ft

gas constant, 53.4 £4-1b/(1b)(C°R)
wing-section area, ag £t

total temperature, ©R

indicated temperature, °R

static temperature, °R
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v veloclty, ft/sec
Wy, air flow, 1b/sec
Ve total fuel consumption, 1b/hr

We  tall-pipe fuel consumption, 1b /hr
Wy liquid consumption, 1b/hr

Wf/Fn specific fuel consumption based on net thrust, 1b fuel/(hr)
(1v thrust)

Wz/Fn speclfic liquid consumption based on net thrust, 1b fuel +
water/(hr)(1b thrust)

w/a water-air ratio

r ratio of specific heats for gases

P mass density of gas, slugs/cu ft

Subscripts:

c compressor

g exhaust gas

J station in exhaust Jet where static pressure first reaches
free-stream static pressure

r inlet duct at survey rake, station r

x inlet duct at slip Jolnt, station x

0 tunnel-test-section free-alr stream

1 cowl inlet

S turbine outlet

6 tail-pipe diffuser inlet
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AFPPENDIX B

METHODPS OF CALCULATION
Temperatures

A cold calibration of e sasmple thermocouple up to a Mach number
of about 0.8 showed that the thermocouple measured the statlic tem-
perature plus approximately 85 percent of the adlabatic temperature
rise owing to the impact of the alr on the thermocouple. Static
temperature was determined from indicated temperature by applying
thls factor to the adiabatic relatlion between temperature and pres-
sure 1n the following manner:

2=1
1 + 0.85 [(% 7. 1]

The total temperature was found by use of the equation

=1
P 1:7:-l Ty (g) ’
T=1% <E) = P (2)

Alr Flow

The air flow through the engine was determined from pressure
and temperature measurements obtalned with a vertical survey rake
installed in the inlet duct 11% feet ahead of the engine. Ailr flow

was calculated by substituting these values of pressure and temper-
ature in the equation

6.8
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2-1
D 23, 7
Wo =.Pp Ap Vg = rRAr —g—t:p- @:-‘) -1 (3)

The static temperature in equation (3) was obtained by use of
equation (1).

Jet Thrust
Jot thrust was determined from the balance-scale measurements

by combining the forces on the installation in the following
equation:

Wy Yy

Fy =B+ OpqoS + 2 +Ax(px-p0) (4)

The second term in the right-hand side of equation (4) represents
the external drag of the lnstallation and the third and fourth
terms comblined represent the force on the ingtallation at the lab-
Jrinth slipJjoint in the inlet-alr duct.

Equlvelent Alrspeed

Inagmuch as all calculstions are based on 100-percent free-
stream total-pressure recovery, the equivalent airspeed corre-
sponding tc the ram-pressure ratio at the engine inlet was expressed
by

=%
Po 7
L/ 2dgep, Tp |1 G’l) (s)

Because the adisbatic temperature rise due to the cowl-inlet veloc-
ity was low, the equivalent free-stream total temperature was
essumed equal to the cowl-inlet indicated temperature. The use of
this assumption introduced an error In alrspeed of less than

1 percent.
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Net thrust

Net thrust was obtained by subtracting the equivalent free-
stream momentum of the inlet alr from the Jet thruat

Wa v0
g

Fp=Fj - (6)

Method of Cross-Plottlng Data

Performance data obtained at each simulated flight condition
were plotted using turbine-outlet temperature as the independent
variable, as shown In the following figure:

6000 {-
o
ﬁ 5000 / 0.04
B w/a = .
:1 -—.'/
ey -
. 2-—.—"
4000 L w/a = 0.0
._’—-"
3000 i 1 1
1600 1650 1700 1750
T,, OR

At each simulated flight conditlon, data were taken at two
turbine-outlet temperatures and a fixed water-air ratio in orxder
to determine the slope of the falrings in this figure. The point
at which these falred lines intersect the turbine-~outlet temper-
ature line of 1680° R geve the thrust cbtainable from the system
with a turbine-outlet temperature of 1680° R, Values taken from
the points of intersection were then plotted in the final flgures
using water-air ratio as the baslic parameter.
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